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a  b  s  t  r  a  c  t
The  adsorption  of Palladium  hexaﬂuoroacetylacetonate  [Pd(hfac)2]  dissolved  in  supercritical  CO2 (scCO2)
onto  mesoporous  silica  SBA-15  has  been  studied  by  measuring  the  adsorption  isotherms.  At  40 ◦C and
8.5  MPa,  the adsorption  increases  up to saturation  at ca. 0.55  mol  Pd(hfac)2/kg  SiO2 SBA-15.  The  inﬂu-
ence  of  temperature,  pressure  and  density  of  CO2 on  the  adsorption  equilibrium  has  been  also  examined.
At  constant  temperatures  of 40 and  60 ◦C, the  amount  adsorbed  on  the  support  decreases  as  pressure
and  density  increase.  At 8.5  MPa,  the amount  adsorbed  increases  as  the  temperature  increases  from  40
to 80 ◦C. At  CO2 constant  density  (350  kg/m3), adsorption  decreases  as  the temperature  increased  from
40  to 80 ◦C.  For  the assayed  conditions,  the maximum  adsorption  was  achieved  at 80 ◦C and  8.5  MPa.
Data  were  successfully  correlated  to the  Langmuir,  modiﬁed  Langmuir  and  Freundlich  adsorption  mod-alladium
ydrogenation
els. Adsorption  of  Pd(hfac)2 on  silica  SBA-15  seems  to be  weak  and  it is  mainly  dominated  by  the  large
solubility  of  Pd(hfac)2 in  the  supercritical  ﬂuid.  Impregnated  samples  were  reduced  in  pure  H2 at  40 ◦C
and  6.0  MPa  and  their catalytic  activity  was  evaluated  for  the  hydrogenation  of isophorone  in supercrit-
ical  CO2.  Adsorption  data  were  used  to  control  the  load  of  Pd in  the  catalyst  and  to tune  the  catalytic
activity  of  these  materials.  Catalytic  tests  showed  the  importance  of  choosing  the right  impregnation
conditions.
© 2012 Elsevier B.V. Open access under CC BY license.. Introduction
Adsorption involves the adhesion of a solute to the surface of
n adsorbent. Molecular interactions between molecules of the
uid phase and molecules at the surface determine the adsorption
quilibrium. This phenomenon is very important in many sepa-
ation processes in industry involving gaseous and liquid streams
1]. Similarly the adsorption–desorption processes are present in
any operations involving supercritical ﬂuids [2,3]. For example,
o model supercritical ﬂuid extraction of solids, the desorption
f the extracted compounds from the surface of the solid matrix
as to be considered [4].  Supercritical ﬂuid chromatography is
lso based on the relative afﬁnity of the solute for the substrate
nd therefore its different adsorption properties [5].  A mixture of
olutes can be also selectively separated using an adequate sor-
ent by combination of adsorption and desorption steps at different
emperature and pressure conditions [6].  A supercritical solvent
ontaining a dissolved solute can be regenerated by adsorption
∗ Corresponding author at: Departamento de Química-Física I, Ciudad Universi-
aria  s/n, 28040 Madrid, Spain. Tel.: +34 91 3945225; fax: +34 91 3944135.
E-mail address: a.cabanas@quim.ucm.es (A. Caban˜as).
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Open access under CC BY license.using the right adsorbent without the need of decompressing the
system, reducing the energy consumption in process cycle applica-
tions [7].  Furthermore, the adsorbent loaded with the solute can be
also regenerated under supercritical conditions and similarly this
technology can be applied to soil remediation [8].  In other type of
applications, the supercritical ﬂuid has been used to impregnate a
compound dissolved in the ﬂuid into a different material, in order
to improve or change its properties. The impregnation takes place
because of physical or chemical adsorption of the solute on the sub-
strate. There are many examples in the literature concerning to the
impregnation of different polymeric and inorganic supports in the
production of pharmaceutical, thin metal coatings and nanocom-
posites [9,10].
Besides the predominant role of adsorption in supercritical ﬂuid
technology, these types of studies are still scarce in the literature
and there is a lack of fundamental understanding of the adsorption
process at supercritical conditions. The principles which govern
adsorption in supercritical ﬂuids are essentially the same as in other
gas processes, but they become more complex as the adsorption
process depends not only on concentration and temperature, but
also on pressure and density. Both kinetics and thermodynamic
factors should be considered. In equilibrium, the adsorption phe-
nomenon can be regarded as a phase equilibrium between the
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upercritical ﬂuid, the solutes and the adsorbent. Most experiments
ave been performed using supercritical CO2 (scCO2) because it is
heap, non-toxic and non-ﬂammable and has relatively low crit-
cal temperature and pressure (Tc = 31 ◦C, Pc = 7.38 MPa) [3].  The
olubility of many compounds in scCO2 at moderate pressure and
emperature and the exceptional transport properties of this ﬂuid
low viscosity, high diffusivity relative to liquids and very low
urface tension) have prompted its use as impregnation and/or
eaction medium in materials synthesis. Furthermore, CO2 is a gas
t ambient pressure and is eliminated completely upon depressur-
zation.
Adsorption from supercritical ﬂuid solutions has been recently
eviewed by Brunner and Johannsen [11]. Among other solutes, the
dsorption of toluene, salicylic acid, ethylacetate and furfural on
ctivated carbon from scCO2 solutions has been studied [12–14].
ubra et al. [15] have studied de adsorption of terpene mixtures
n silanized silica in scCO2. On both substrates, at constant tem-
erature, adsorption of every solute decreased as the pressure and
ensity of CO2 increased. At constant density, as the temperature
ncreased, the quantity adsorbed on the support decreased in a
imilar way to gas or liquid phase adsorption for an exothermic pro-
ess. Langmuir and Freundlich isotherms were successfully used to
orrelate the data.
In comparison to organic compounds, the adsorption isotherms
f only a few organometallic compounds on porous sup-
orts have been studied in scCO2. Adsorption isotherms of
imethyl(cyclooctadiene)platinum [Pt(COD)Me2] dissolved in
cCO2 on carbon aerogels, carbon blacks, resorcinol-formaldehyde
erogels, silica gel tablets and monolithic silica have been
eported [16–19].  The adsorption equilibrium of bis(2,2,6,6-
etramethyl-3,5-heptanedionato) (1,5-cyclooctadiene) ruthenium
Ru(COD)tmhd)2] on carbon aerogels in scCO2 has been also stud-
ed [20,21].  The dependence with temperature and density was  in
greement with previous reports.
Adsorption data are important for the metal deposition from
upercritical solutions. The Supercritical Fluid Deposition tech-
ique (SFD) involves the impregnation of a support with a metallic
recursor, usually an organometallic compound dissolved in a
upercritical ﬂuid [22]. Then the compound is reduced on the
ubstrate following hydrogen or alcohol addition or is thermally
ecomposed yielding a thin ﬁlm or nanoparticle dispersion [23,24].
n another approach the organometallic compound is just impreg-
ated into the support at supercritical conditions and its reduction
s carried out after depressurization by thermal treatment in the
ppropriate atmosphere. At our laboratory in Madrid we have
ecently deposited Pd into mesoporous silica SBA-15 using scCO2 at
0 ◦C and 85 bar [25]. The metal precursor used was palladium(II)
exaﬂuoroacetylacetonate (Pd(hfac)2), whose solubility at these
onditions is above 3.60 wt.% in scCO2 [26]. SiO2 SBA-15 is a high
urface area material which exhibits an ordered hexagonal mor-
hology of cylindrical mesopores. [27,28].  The size of the pore and
he porosity of SiO2 SBA-15 can be ﬁnely tuned with the reaction
onditions, which turn this material into a versatile catalyst sup-
ort. The organometallic precursor adsorbed onto the support and
as reduced after depressurization in pure H2 at high pressure. The
atalytic activity of these materials was then demonstrated. It was
uring the course of this investigation that we realized the impor-
ance of choosing the right impregnation conditions and decided to
tudy the adsorption equilibrium for this particular system. In this
aper, we report adsorption isotherms for Pd(hfac)2 dissolved in
cCO2 on silica SBA-15. The inﬂuence of temperature, pressure and
ensity of CO2 on the adsorption equilibrium has been also exam-
ned. The importance of controlling the precursor adsorption in the
etal deposition experiments is demonstrated by comparing the
atalytic activity of Pd–SiO2 catalysts with different Pd-loadings
repared at different impregnation conditions.ical Fluids 69 (2012) 21– 28
2. Materials and methods
2.1. Materials
Tetraethylorthosilicate (TEOS, 99+% pure), poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)
(Mw  = 5800) (PEO-PPO-PEO) and palladium(II) hexaﬂuoroacety-
lacetonate (Pd(hfac)2) were obtained from Aldrich. CO2 purity
>99.99% and H2 purity >99.999% were supplied by Air Liquide.
For the catalytic tests, isophorone (Acros, 98% purity), CO2
(Cryoservice, >99.9%) and H2 (BOC, 99.95%) were used. 2 wt% Pd
on SiO2/Al2O3 catalyst Type 31, was  purchased from Johnson
Matthey. Chemicals were used as received.
Mesoporous silica SBA-15 was  prepared following a procedure
similar to that described by Zhao et al. [27,28]. In a typical exper-
iment, 4.0 g of PEO-PPO-PEO were dissolved in 30 g of water and
120 g of 2 M HCl solution with stirring at 35 ◦C. Then 8.5 g of TEOS
was added into the solution with stirring at 60 ◦C for 20 h. The mix-
ture was aged at 100 ◦C without stirring for a further 24 h. The solid
residue was ﬁltered, washed with ethanol several times and cal-
cined in air at 550 ◦C for 6 h. Heating rate from room temperature
was 1 ◦C/min.
2.2. Adsorption experiments
The adsorption experiments were conducted in a ca. 100 cm3
stirred high-pressure reactor (Autoclave Eng. Inc.) in the batch
mode. SBA-15 (ca. 100 mg)  and different amounts of Pd(hfac)2
(from 18 to 230 mg)  were loaded into the reactor separately. The
reactor was then heated by a heating jacket connected to a PDI  con-
troller to the impregnation temperature and was  then ﬁlled with
CO2 using a high-pressure syringe pump at the same temperature
(Isco, Inc. Model 260D) up to the desired pressure. The tempera-
ture was measured using a K-type thermocouple. The pressure was
measured using a pressure gauge. Impregnation of the mesoporous
support with Pd(hfac)2 was  carried out in scCO2 under stirring, at
conditions between 40–80 ◦C and 8.5–14.0 MPa  for 8 h. The reactor
was then depressurized through a needle valve in 1 h. The amount
of precursor adsorbed on the support was determined from TGA
analysis of the impregnated samples in O2 ﬂow as Pd(hfac)2 sub-
limes completely at ca. 146 ◦C at atmospheric pressure [25]. Similar
results were obtained in N2 ﬂow. On the other hand, the concentra-
tion of the precursor in CO2 was calculated from the initial amount
of precursor and CO2 loaded into the reactor, by subtracting the
adsorbed amount of precursor experimentally determined. In these
experiments, the initial concentration of Pd(hfac)2 in CO2 was well
below its solubility limit [26]. The maximum error based on repro-
ducibility measurements was estimated to be lower than 5%. In
selected experiments, sampling of the ﬂuid phase was performed
at the end of the impregnation experiments using a 2 cm3 sam-
ple loop connected to a 6-port HPLC sample valve (Valco, Inc.). The
sample loop was depressurized through a small vial containing hex-
ane and its concentration was worked out by UV–vis spectroscopy
using a Perkin-Elmer Lambda 35 UV-vis spectrometer. Within the
experimental error, the concentrations of the precursor in CO2
determined by both procedures were the same.
2.3. Catalyst preparation
Pd–SiO2 catalysts were prepared by reduction of the impreg-
nated supports in pure H2 [25]. Reduction was  carried out in a small
reactor constructed from a piece of 3/4 in. Swagelok tubing (60 mm
long) immersed in a thermostatic bath (PolyScience). The reactor
was loaded with pure H2 at 6.0 MPa  and reduction was  carried out
at 40 ◦C for 3 h. Then the reactor was  depressurized slowly through
a needle valve. The sample was  further extracted continuously with
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Fig. 1. Schematic of the automated supercritical ﬂuid continuous ﬂow apparatus
used for these experiments. The components are labelled as follows: CP, chilled CO2Scheme 1. Reduction of isophorone to trimethylcyclohexanone (TMCH).
20 cm3 of CO2 at 40 ◦C and 20 MPa  at 1–2 cm3/min to remove any
esidual ligand.
.4. Materials characterization
Materials were characterized using transmission electron
icroscopy (TEM), N2-adsorption, X-ray diffraction (XRD), thermo-
ravimetric analysis (TGA) and inductive coupled plasma-optical
mission spectroscopy (ICP-OES). TEM was carried out on a JEOL-
EM 3000F electron microscope operating at 300 kV equipped with
 double tilting stage (±25◦). Samples were dispersed in 1-butanol
ver copper grids and dried in air. Energy-dispersive Detection
-ray analysis (EDX) was conducted on the samples using the
EM microscope. N2 adsorption/desorption isotherms at 77 K were
btained using a Micromeritics ASAP-2020. Prior to adsorption
easurements, samples were out-gassed at 110 ◦C and ≈10−1 Pa
or 3–12 h. Isotherms were analyzed using standard procedures.
he BET equation was used for speciﬁc surface calculations and the
xternal surface area and the micropore volume were determined
sing the t-plot method [29]. The pore size distributions were cal-
ulated using the Barrett, Joyner and Halenda (BJH) method for a
ylindrical pore model [30] corrected by the statistical thickness
sing the adsorption branch of the isotherm.
Small angel X-ray Scattering (SAXS) of the SiO2 SBA-15 support
as performed at 2 values between 0.5 and 3◦ using a PAN-
lytical X-ray diffractometer with a PW3830 generator (Cu K-
adiation), equipped with a modiﬁed Kratky Camera enhanced by
ecus-Braun. Wide angle XRD patterns of the composite materi-
ls were collected using a X’PERT MPD  diffractometer with Cu K-
adiation on the conventional Bragg-Brentano geometry at 2 val-
es between 10 and 80◦. Crystallite size was estimated from the
alf width of the (1 1 1) Pd peak in the XRD at 40.1◦ using the Scher-
er equation. TGA of the impregnated supports were obtained on
 Perkin-Elmer Pyris 1 at a heating rate of 10 ◦C/min in O2 ﬂow
20 cm3/min). Pd content on the catalysts was measured by ICP-
ES using a Perking–Elmer 3300 DV spectrometer. Solutions for
nalysis were prepared by acid digestion of the samples.
.5. Catalytic testing
Testing of the Pd–SiO2 catalysts prepared were performed using
n automated continuous ﬂow reactor at the University of Not-
ingham following the procedure previously described [31]. The
ydrogenation of isophorone (3,5,5-trimethyl-2-cyclohexene-1-
ne) to trimethylcyclohexanone (TMCH) in supercritical CO2 was
hosen as a model reaction (Scheme 1). This reaction has been suc-
essfully carried out on a commercial scale by Thomas Swan & Co.
td. [32].
An scheme of the reactor is shown in Fig. 1. A programmable
O2 pump (Jasco PU-1580-CO2) and a HPLC pump (Jasco PU-980)
ere connected to a 1/4 in. tee-piece, packed with glass beads. Theee-piece acted as both mixer and pre-heater, heated by cartridge
eaters within an aluminium heating block. Hydrogen was dosed
nto the system via a 6-port valve (Rheodyne) and was premixed
ith the CO2 in a static mixer. The reactor consisted of a 316 SSpump; HD, H2 rheodyne dosing unit; OP, organic pump; P, pressure monitors; PM,
pre-mixer; R, reactor tube; HP-SL, high pressure sample loop connected directly to
on-line GLC; BPR; back pressure regulator and CF, collection ﬂask.
tube (78 mm,  6.35 mm  O.D., 1.65 mm wall thickness), packed with
the catalyst and heated by cartridge heaters. The system pressure
was maintained by a programmable Back Pressure Regulator, BPR
(Jasco BP-1580-81). Temperature and pressure were logged at sev-
eral points throughout the system on a computer, via a PicoLog data
recorder.
In a typical experiment, the reactor was ﬁlled with ca. 60 mg of
the catalyst and sealed into the apparatus with 20 mm of sand on
top of the catalyst to act as pre-heater. A small piece of glass wool
at the bottom of the reactor kept the catalyst in place. Then the sys-
tem was pressurized up to 10.0 MPa  by ﬂowing CO2 at 1.0 cm3/min
(pump head at −5 ◦C, 5.0 MPa) and the reactor was heated to 50 ◦C.
After the equipment had stabilised, the substrate was pumped into
the system at 0.1 cm3/min and the reactor was heated from 50 ◦C
to 250 ◦C at a heating ramp of 0.3 ◦C/min (comparable to the equi-
libration rate of the reactor). The BPR was heated at 40 ◦C to avoid
clogging of the systems during the expansion of the mixture. Prod-
ucts were collected free of solvents after the BPR. Samples were
collected regularly from the system using a high pressure sample
loop and were analysed by Gas Liquid Chromatography (GLC) using
a Shimadzu GLC-2014. The GLC was ﬁtted with an HP-5 column
(30 m,  ID 0.32 mm,  ﬁlm thickness, 0.25 m),  operated isothermally
at 60 ◦C. The products were identiﬁed by comparing the GLC reten-
tion times with known standards. Quantiﬁcation was performed
24 M.J. Tenorio et al. / J. of Supercrit
Table 1
Properties of the SiO2 SBA-15 support.
Properties
BET surface (m2/g) 755
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tMicropore volume (cm3/g) 0.077
Pore diameter (nm) 6.9
y integration of the peak areas; response factors and conversions
ere calculated by the internal normalisation method.
. Results and discussion
The adsorption experiments of Pd(hfac)2 were performed on
iO2 SBA-15 at varying conditions. The SAXS pattern, N2-adsorption
sotherm and pore size distribution of the support are given as
upplementary material. The properties of the support used are
ummarized in Table 1.
In a previous study, the adsorption of Pd(hfac)2 on SiO2 SBA-15
as studied at 40 ◦C and 8.5 MPa  as a function of time, per-
orming impregnation experiments at 3, 8 and 16 h. The amount
mpregnated increased from 3 to 8 h, but decreased slightly when
mpregnation time reached 16 h due to the partial decomposition of
he precursor [25]. Based on that study, to assure thermodynamic
quilibrium without precursor decomposition, the impregnation
ime in the following experiments was ﬁxed to 8 h.
The metal precursor adsorption on the support was studied at
0 ◦C and 8.5 MPa  at varying concentrations of Pd(hfac)2 in scCO2
nd the adsorption isotherm at these conditions was  determined.
ig. 2 shows how the uptake increases with the concentration of
recursor in solution. Saturation of the support is reached at ca.
.55 mol  Pd(hfac)2/kg SBA-15 when concentration of Pd(hfac)2 in
O2 is ca. 2 mol/m3. To study the effects that temperature, pres-
ure and density have on the surface saturation, the adsorption
quilibrium of the metal precursor on the support at a CO2 con-
entration close to 2 mol/m3 was studied at 40, 60 and 80 ◦C in
he 8.5–14.0 MPa  pressure range. We  assumed that saturation is
eached at a similar concentration of Pd(hfac)2 in CO2 at every con-
ition. The quantities of precursor and support loaded in the reactor
ere kept constant (current precursor concentrations in CO2
ig. 2. Adsorption isotherms for Pd(hfac)2 on SiO2 SBA-15 at different temperature, press
60  kg/m3; () 60 ◦C, 10.9 MPa, 350 kg/m3; () 60 ◦C, 8.5 MPa, 220 kg/m3; (♦) 70 ◦C, 12.0 M
it  of the adsorption isotherm at 40 ◦C and 8.5 MPa  to different models: (– –) Langmuir; (—
ests  are marked with arrows.ical Fluids 69 (2012) 21– 28
differ slightly due to the different adsorption of the precursor on
the support).
At constant temperature, 40 and 60 ◦C, the amount adsorbed
on the support decreases as pressure increases. At 8.5 MPa, the
amount adsorbed increases as the temperature increases from 40
to 80 ◦C. At CO2 constant density (350 kg/m3) the adsorbed amount
decreases with increasing temperature from 40 to 80 ◦C.
Data at 40 ◦C and 8.5 MPa  were ﬁtted to three different adsorp-
tion models, including the Langmuir, Langmuir modiﬁed and
Freundlich models [5,18].
The Langmuir model is given by Eq. (1)
q = K1Qoc
1 + K1c
(1)
where q is the precursor uptake amount in the support (mol/kg), c is
the concentration of the precursor in CO2 (mol/m3) and K1, Qo are
ﬁtting parameters. K1 represents the equilibrium constant of the
adsorption process (m3 CO2/mol precursor) and Qo is a parameter
related to the adsorption capacity of the surface (mol precursor/kg
support). The product K1Qo is a measure of the relative afﬁnity of
the solute towards the adsorbent.
The representation of the data can be generally improved in the
modiﬁed Langmuir model (Eq. (2)) by adding a new term propor-
tional to c to the Langmuir equation. This model includes a new
parameter k which is associated to the heterogeneity of the surface.
q = K1Qoc
1 + K1c
+ kc (2)
Another empirical model commonly used is the Freundlich
model given by Eq. (3)
q = Kf c1/n (3)
The Freundlich model also considers heterogeneity of the surface.
Kf is the Freundlich adsorption constant and 1/n is the Freundlich
exponent.
Fitting parameters to Eqs. (1)–(3) are given in Table 2 together
with the standard deviation of the ﬁts, . Best results were obtained
when the modiﬁed Langmuir model is used. For the Langmuir and
modiﬁed Langmuir models, the values of K1 are much smaller
than the values reported for the adsorption of Pt(COD)Me2 onto
organic aerogels [18] but similar to that found for the adsorption of
ure and CO2 density conditions: () 40 ◦C, 8.5 MPa, 350 kg/m3; () 40 ◦C, 14.0 MPa,
Pa, 350 kg/m3; (©) 80 ◦C, 13.3 MPa, 350 kg/m3 and () 80 ◦C, 8.5 MPa, 170 kg/m3.
) modiﬁed Langmuir; (-·-) Freundlich. Samples reduced in pure H2 for the catalytic
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Table 2
Fitting parameters of the Pd(hfac)2 adsorption isotherms on SiO2 SBA-15 at 40 ◦C
and 8.5 MPa  to the different models.
Parameters Langmuir Modiﬁed Langmuir Freundlich
K1 (m3 CO2/mol Pd(hfac)2) 0.65 0.15 –
Qo (mol Pd(hfac)2/kg SBA-15) 0.84 5.8 –
k  (m3 CO2/kg SBA-15) – −0.40 –
K – – 0.32
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15 mesopores. Cluster size is limited in one dimension by the
pore size of the support (6.9 nm)  but particles become larger as
the amount of Pd increases (see Ref. [25] for a detailed discus-
sion). Using the Scherrer equation, average crystallite sizes were
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1/n  – – 0.51
  (mol/kg) 0.048 0.037 0.063
u(COD)(tmhd)2 on activated carbon at high density [17]. For the
odiﬁed Langmuir model the negative value found for the param-
ter k reﬂects the loss of meaning of the model parameters. The
roduct of K1Qo gets very small in both models indicating the weak
dsorption of Pd(hfac)2 to the SiO2 support. Likewise, values for
he parameters of the Freundlich model are similar to those found
or the adsorption of Ru(COD)(tmhd)2 on activated carbon [17].
ig. 2 shows the ﬁts of the experimental data to the three mod-
ls. From this analysis we conclude that, in comparison to other
eports, adsorption of Pd(hfac)2 on SiO2 is weak.
To understand how the adsorption process varies with temper-
ture, pressure and density, the relative afﬁnity of the precursor
etween the support and the supercritical ﬂuid, as well as the
ompetitive adsorption of the supercritical ﬂuid and the precursor
nto the adsorbent must be considered. Analysis of the adsorp-
ion isotherm at 40 ◦C and 8.5 MPa  has shown that adsorption of
d(hfac)2 on SiO2 is weak. On the other hand, the solubility of this
ompound in CO2 is high. Furthermore, the adsorption of pure CO2
n low surface area silica has been previously studied by Strub-
nger et al. [33]. In the 40–50 ◦C temperature range, the maximum
O2 adsorption was observed precisely at 350 kg/m3 with uptake
alues as high as 30 and 20 mol  CO2/m2 SiO2 at 40 and 50 ◦C,
espectively. Considering the surface area of the SBA-15 support
sed in this study, adsorption of CO2 on a molar basis would be up
o 4 times higher than that of Pd(hfac)2 at 40 ◦C and 8.5 MPa. All
hese data seem to indicate that for this particular system the high
olubility of the precursor in the supercritical ﬂuid is controlling the
dsorption process and that the interaction forces between CO2 and
d(hfac)2 are larger than the bonding forces between Pd(hfac)2 and
he support surface.
The solubility of the precursor in the ﬂuid phase can be described
sing the Chrastil equation [34] that establishes a linear rela-
ionship between the natural logarithms of solubility and solvent
ensity. At constant temperature, as the pressure and, hence, the
ensity of scCO2 increase, the solubility of the precursor in the
uid phase increases and therefore the adsorption decreases. On
he contrary, at constant pressure, as the temperature increases
he density of scCO2 decreases and consequently its adsorption
ncreases. At constant density (350 kg/m3), the amount adsorbed
ecreases clearly with increasing temperature from 40 ◦C to 60 ◦C.
 decrease in the uptake amount with temperature indicates that
he adsorption under isochoric conditions is an exothermic process.
hese results are in agreement with previous reports [11–21].
Knowledge and control of the adsorption process is essential to
djust the amount of Pd deposited on the support, which will deter-
ine the catalytic activity of the material. This ability was used next
n the preparation of Pd-catalysts with different Pd loadings. To this
nd, selected samples impregnated at 40 ◦C and 85 bar with differ-
nt concentrations of precursor in the ﬂuid phase (marked in Fig. 2
s CAT-1, CAT-2 and CAT-3) were reduced in pure H2 as previously
escribed.After reduction, the colour of the samples changed from light
rown to dark grey or even black depending on the metal load-
ng. Wide angle XRD patterns of the different catalysts showed a
road band at 2 ca. 20 due to amorphous SiO2 and peaks at 22θ
Fig. 3. XRD patterns of the Pd–SiO2 catalysts: CAT-1 (a), CAT-2 (b) and CAT-3 (c).
values 40.1◦, 46.7◦ and 68.1◦ ascribed only to Pd [JPDS 01-089-4897]
(Fig. 3). Intensity of the Pd peaks increased with the Pd content
from CAT-1 to CAT-3. Samples were further characterized by TEM,
EDX, N2-adsorption experiments and ICP-OES. Fig. 4 shows the
N2-adsorption isotherms of these materials. The properties of the
catalysts prepared are summarized in Table 3.
Comparison of the Pd-loadings on the catalysts determined by
ICP-OES analysis with those estimated from TGA analysis of the
impregnated samples showed slight differences, which have been
related to the incomplete decomposition of Pd(hfac)2 under the
reduction conditions [25]. Nevertheless, the actual Pd loadings of
the samples followed the same trend as the impregnated samples
and the difference between the Pd loadings of the catalysts were
large enough to result in a meaningful comparison of their catalytic
performance.
TEM images of these materials are given in Fig. 5 and show the
incorporation of Pd within the support. In all cases, Pd appears
as nanoparticles evenly distributed through the cylindrical SBA-P/Po P/Po P/Po
Fig. 4. N2 adsorption/desorption isotherms of the Pd–SiO2 catalysts: CAT-1 (a), CAT-
2  (b) and CAT-3 (c).
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Table 3
Properties of the Pd–SiO2 catalysts prepared by reduction of the impregnated samples shown in Fig. 2.
Sample Crystal size (nm) SBET (m2/g) Vmicro (cm3/g) % wt Pd TGA % wt  Pd ICP-OES % mol Pd ICP-OES
e
l
b
w
T
m
I
t
a
p
aCAT-1 5.2 543 0.0536 
CAT-2 6.5 606 0.0755 
CAT-3 7.9 481 0.0333 
stimated to be between 5.2 and 7.9 nm.  These values are simi-
ar to the pore size of the support determined from the adsorption
ranch of the isotherm. The estimated crystal size increases slightly
ith the Pd loading. EDX analysis was performed locally on some
EM images and proved the presence of Pd in the samples with
ol  percentages close to the average values obtained by ICP-OE.
n some TEM images, larger particles were also observed outside
he mesopores, which gave local Pd loadings higher than those
veraged.
N2 adsorption/desorption isotherms of the samples were also
erformed and are given in Fig. 4. Deposition of Pd within the cat-
lyst decreases the surface area of the materials and BET surface
Fig. 5. TEM images of the Pd–SiO2 catalysts: CAT-1 2.8 1.1 0.6
4.8 4.3 2.4
11.2 9.6 5.4
areas (SBET) of the catalysts were always lower than that of the
naked support. SBET decreased from CAT-1 to CAT-3 as the amount
of Pd increased, but unexpectedly increased from CAT-1 to CAT-
2. The rise in SBET in this case can be explained by comparing the
micropore volumes of each sample and the support. Whilst CAT-1
has a micropore volume much lower than the support, the micro-
pore volume in CAT-2 is almost the same as that of the support.
This seems to indicate that when the amount of Pd impregnated
is low (CAT-1), after reduction Pd deposits on the micropores
producing an effective reduction of the micropore volume. How-
ever, with larger loadings (CAT-2), particles accumulate during the
reduction process and are able to form larger clusters, depositing
(a and b), CAT-2 (c and d) and CAT-3 (e and f).
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1ig. 6. Conversions for the reduction of isophorone to trimethylcyclohexanone (TM
a)  CAT-1, (b) CAT-2, (c) CAT-3 and (d) Johnson Matthey Type 31 catalyst.
referentially in the mesopores. The reduction of the micropore
olume in CAT-2 is almost negligible. At a much higher Pd loading
CAT-3), however, micropore volume reduction also takes place and
d covers both micropores and mesopores. With respect to the pore
ize distributions of the catalysts, we have previously observed how
he presence of nanoparticles within the mesopores of the support
ay  cause a partial plugging of the support [25]. However, this
oes not seem to affect the catalytic performance of the material
s mesopores in SBA-15 support are interconnected through micro
nd small mesopores [18].
The Pd–SiO2 catalysts were assayed in the hydrogenation of
sophorone to TMCH in scCO2. Fig. 6 shows how conversion varies
ith temperature for the three catalysts. With CAT-1 the reac-
ion yield was very low and conversion at 250 ◦C only reached
5%. Much better results were found when CAT-2 was  used and
onversions greater than 95% were obtained above 200 ◦C. The
electivity of both catalysts under the analysed conditions was
00% and no other reaction products were obtained. CAT-3, with
he highest Pd loading, gave high yields at low temperatures and
onversions of isophorone reached 90% at 80 ◦C. In this case, how-
ver, TMCH yield was only 80% indicating the presence of reaction
y-products, being the most important the corresponding alcohol
,3,5-trimethylcyclohexanol. Due to that, reaction with CAT-3 was
topped at 170 ◦C. When the concentration of Pd on the catalyst
as too high, the activity of the catalyst for the hydrogenation reac-
ion was too high and the selectivity of the catalyst towards TMCH
ecreased.
The differences in catalytic activity among the three catalysts are
learly related to the different Pd loadings which were changed by
arying the impregnation conditions, namely the concentration of
recursor in the ﬂuid phase. However, the low conversion reached
or CAT-1 (1.1% wt Pd by ICP-OES) could be also related to the size
f the Pd crystallites in the support. N2-adsorption measurements
evealed that Pd deposited preferentially in the micropores in CAT-
, with a substantial reduction of the surface area of the material. scCO2 using the Pd–SiO2 catalysts obtained in this work and a commercial catalyst:
This might indicate that a critical cluster size is required to hydro-
genate isophorone under these conditions. The lower conversion
values reached using CAT-1 could also be related to the slower diffu-
sion of reactants and products in and out of the smaller micropores.
These results highlight the relevance that the impregnation process
has on the catalyst preparation.
For comparison purposes, the performance of a commercial cat-
alyst from Johnson Matthey (2% wt  Pd on SiO2/Al2O3 – JM Type 31)
was also studied. Conversion of this catalyst versus reaction tem-
perature for the same reaction is also shown in Fig. 6. In comparison
to CAT-2 which showed the highest activity and selectivity in this
study, the commercial catalyst showed a similar catalytic activity
and complete selectivity at temperatures higher than those of CAT-
2. In fact at 50 ◦C, CAT-2 and CAT-3 showed already a signiﬁcant
conversion (particularly CAT-3), whilst the commercial catalyst did
not catalyse the reaction at all. Furthermore, the highest catalytic
activity exhibited by the commercial catalyst at the highest tem-
perature is slightly lower than that found in CAT-2. This may  be
partially attributed to the higher Pd content of CAT-2 and CAT-3.
In comparison to previous reports on the same reaction using a
similar reactor [35], high conversions are reached at much higher
temperatures in this work. This is most likely due to the much lower
amounts of catalyst in the reactor for this study and that the cat-
alysts were not pre-reduced with H2 at high temperature. Further
optimization of these catalysts may  be required in order to ﬁnd the
optimum reaction conditions.
It is demonstrated that by careful control of the impregnation
conditions, the Pd–SiO2 SBA-15 materials synthesized in this study
can be efﬁcient catalysts for the hydrogenation of isophorone in
scCO2.4. Conclusion
Pd–SiO2 catalysts can be prepared by impregnation of SiO2 SBA-
15 with Pd(hfac)2 dissolved in scCO2. The load of Pd into the catalyst
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s tuned by controlling the impregnation conditions: precursor con-
entration, pressure, temperature and density of the supercritical
uid. Adsorption of Pd(hfac)2 on SiO2 SBA-15 is relatively weak and
t 80 ◦C and 8.5 MPa  the maximum load is slightly above 0.7 mol
d(hfac)2/kg SiO2 SBA-15. At constant temperature, adsorption
ecreased with increasing pressure and density whilst, at con-
tant pressure, adsorption increased as temperature increased. At
onstant density (350 kg/m3) precursor adsorption decreased with
emperature, compatible with an exothermic process. Data at 40 ◦C
nd 8.5 MPa  have been successfully correlated to three different
dsorption models: Langmuir, modiﬁed Langmuir and Freundlich
odels. Best ﬁt was provided by the modiﬁed Langmuir model.
fter reduction of the impregnated samples in pure H2, the Pd–SiO2
aterials were assayed for the hydrogenation of isophorone to
MCH in an automated high-pressure ﬂow reactor. Catalytic tests
how the importance of controlling the impregnation conditions.
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